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AN UNUSUAL PATTERN OF GENE FLOW BETWEEN THE TWO
SOCIAL FORMS OF THE FIRE ANT SOLENOPSIS INVICTA
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Athens, Georgia 30602-2603

Abstract. —Uncertainty over the role of shifts in social behavior in the process of speciation in
social insects has stimulated interest in determining the extent of gene flow between conspecific
populations differing in colony social organization. Allele and genotype frequencies at 12 neutral
polymorphic protein markers, as well as the numbers of alleles at the sex-determining locus (loci),
are shown here to be consistent with significant ongoing gene flow between two geographically
adjacent populations of Solenopsis invicta that differ in colony queen number. Data from a thirteenth
protein marker that is under strong differential selection in the two social forms confirm that such
gene flow occurs. Data from this selected locus, combined with knowledge of the reproductive
biology of the two social forms, further suggest that interform gene flow is largely unidirectional
and mediated through males only. This unusual pattern of gene flow results from the influence of
the unique social enviroments of the two forms on the behavior of workers and on the reproductive

physiology of sexuals.
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Considerable controversy exists over the role
that changes in social organization play in ini-
tiating reproductive isolation and ultimately in
driving speciation in social insects. Significant
modifications to colony social organization, such
as a shift from monogyny (single reproductive
queen per colony) to polygyny (multiple repro-
ductive queens per colony), are thought in some
instances to promote modification of mating sys-
tems such that reproductive isolation may de-
velop between the parental and derived social
forms (Crozier 1977; Elmes 1978; Brian 1983;
West-Eberhard 1986). Evidence for this scenario
in ants comes from the widespread occurrence
of sets of closely related species or conspecific
“forms” that differ in colony queen number (Bri-
an and Brian 1955; Wilson 1971; Ross et al.
1987; Ward 1989; Holldobler and Wilson 1990;
Frumhoff and Ward 1992). These related social
variants often differ in important properties of
their breeding biology that may be expected to
restrict gene flow between them, such as the site
of mating or mode of colony founding (Keller
and Passera 1989; Buschinger 1990; Bourke and
Franks 1991; Elmes 1991; Keller and Ross
1993a).

Two general approaches can be taken to assess
the importance of shifts in colony social orga-
nization in promoting cladogenesis in social in-
sects. One is to track the phylogenetic distribu-
tion of social organization. Discovery of a
recurring pattern in which sister species exhibit

divergent social organizations presumably would
support a major role for social evolution as a
driving force in speciation (see Ward 1989). An-
other approach is to conduct detailed genetic
studies of paired conspecific populations pos-
sessing alternative forms of social organization.
If shifts in social organization frequently initiate
the development of reproductive isolation, then
some such pairs are expected to occupy an in-
termediate stage of evolutionary divergence that
is marked by restricted gene flow combined with
a lack of morphological distinctiveness (Ross
1988).

The fire ant Solenopsis invicta is a social insect
with two distinct population types that differ in
colony social organization but not in taxonom-
ically informative morphological features. Thus,
it is a candidate for the latter approach to study-
ing the relationship between social evolution and
speciation. Both monogyne and polygyne social
forms occur in the native range of this species in
South America, as well as in its introduced range
in the southeastern United States (Glancey et al.
1973; Fletcher et al. 1980; Ross and Fletcher
1985a; Ross et al. 1993). Polygyne colonies in
the United States occur usually in discrete, per-
sistent populations that are embedded in large
populations of the more common monogyne form
(Ross et al. 1987; Mackay et al. 1991; Porter
1992; but see also Porter et al. 1991). The social
forms of S. invicta differ not only in queen num-
ber, but in other important reproductive traits
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such as mode of colony founding and pace of
queen reproductive development (Vargo and
Porter 1989; Glancey and Lofgren 1988; Porter
1991; Keller and Ross 1993a). Monogyne queens
participate in mating flights and found their new
colonies independently (without the assistance
of workers). Polygyne queens take part in mating
flights or may mate in the nest (Ross and Fletcher
1985b; Porter 1991), but these queens always
initiate reproduction in established nests (Glan-
cey and Lofgren 1988; Porter 1991). Realization
that the two social forms have diverged in some
important elements of their breeding biology has
led to the suggestion that they are reproductively
isolated and in the process of speciating (Ross
and Fletcher 1985a; Ross et al. 1987). Thus, it
is important to determine whether the two social
forms of S. invicta are linked by ongoing gene
flow and if so to establish the magnitude of this
gene flow and the manner in which it is effected.

The ability to survey many polymorphic ge-
netic markers in S. invicta (Ross et al. 1993;
Shoemaker et al. 1992) allows us to examine
these issues in detail for a single pair of geograph-
ically adjacent monogyne and polygyne popu-
lations from northern Georgia, United States.
The data presented here are consistent with the
occurrence of extensive gene flow between these
populations, and furthermore they suggest that
such gene flow is largely unidirectional and me-
diated through males only.

MATERIALS AND METHODS
Sample Collections

Twenty-nine nests of polygyne Solenopsis in-
victa were collected from Walton County, Geor-
gia, United States and returned to the laboratory
for extraction from the soil and collection of sam-
ples for electrophoretic analysis. Collected nests
were separated by a minimum distance of 10 m
to reduce the chance that any pair belonged to
the same polydomous colony (Vargo and Porter
1989). Polygyny has been documented previ-
ously at the Walton County site (Fletcher 1983;
Ross and Fletcher 1985a) and was confirmed in
each of these 29 sampled nests by (1) collecting
multiple reproductive queens in each nest and
dissecting them to confirm that they were mated,
and (2) inspecting genotypes of nestmates at 11
polymorphic protein loci to establish that these
individuals represented multiple matrilines.

Live polygyne queens (n = 172) were collected
from 53 nests in this same population and were
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separated individually into small rearing units
with workers and brood to track their brood pro-
duction patterns in the laboratory. Queens that
produce numerous sons among their offspring
under such conditions are known to be diploid-
male-producing queens (Ross and Fletcher 1985b;
Ross et al. 1993). The proportion of such queens
among all mated polygyne queens was deter-
mined by inspecting brood patterns 6 wk after
queens were isolated to obtain a measure of al-
lelic diversity at the sex-determining locus (loci).
Source nests were confirmed to be polygyne by
virtue of multiple fertile queens having been col-
lected from each.

Fifty-two nests of monogyne S. invicta were
collected from several counties adjacent to the
polygyne study population (Putnam, Jasper, and
Morgan counties, Georgia) to provide material
for electrophoretic analysis. All of these colonies
were located within 100 km of the polygyne study
population, and most were considerably closer.
Monogyny, which was inferred initially on the
basis of worker size and mound distribution
(Greenberg et al. 1985), was confirmed in all of
these colonies by inspecting nestmate genotypes
for at least one (and usually several) of the poly-
morphic protein markers. Predictable patterns in
the identities and observed segregation ratios of
offspring genotypes occur in monogyne fire ant
colonies because each foundress queen mates only
once (e.g., Ross and Fletcher 1985a; Shoemaker
et al. 1992).

Live, newly mated monogyne queens (n = 648)
were collected immediately after their mating
flights from the same area in which the mono-
gyne nests were collected. The queens were held
individually in small rearing cups in the labo-
ratory and their brood production was tracked
to estimate the proportion of diploid-male-pro-
ducing queens (production of sexual larvae and
male pupae in the first brood is diagnostic of such
queens in this form, see Ross and Fletcher 19850,
1986). All of these newly mated queens were
individually weighed to confirm that they orig-
inated from monogyne nests; sexually mature
nonreproductive queens of the monogyne form
consistently are heavier than their polygyne
counterparts (Ross and Fletcher 1986; Porter et
al. 1988; Keller and Ross 1993a).

Estimation of the Number of Sex Alleles

Queens of S. invicta that produce diploid males
do so because they have had a “matched mat-
ing.” That is, they have mated with one or more
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(haploid) males that have an allele in common
with them at the sex-determining locus (loci)
(Adams et al. 1977). Because queens from the
two study populations effectively mate only once
(e.g., Ross and Fletcher 1985a), the proportion
of diploid-male-producing queens is equivalent
to the proportion of matched matings (0) in these
populations. The effective number of alleles (K)
segregating at a single sex-determining locus un-
der strong frequency-dependent selection is a
simple function of the proportion of matched
matings:

K=2/0

(Adams et al. 1977). Extension to a two-locus
system, in which the loci are assumed to be in
linkage equilibrium and to each have the same
number of alleles present at equal frequencies,
leads to

K =[(4-K + 4)/0]",

where K is now the effective number of alleles
segregating at either locus (Ross et al. 1993). The
95% confidence intervals about the estimates of
0 and K were obtained by drawing 200 bootstrap
samples from the original data sets, estimating
O for each sample, and eliminating the 5 extreme
high and 5 extreme low bootstrap estimates (e.g.,
Weir 1990).

Electrophoresis

Individual genotypes were scored at 13 poly-
morphic protein-encoding loci following electro-
phoresis in horizontal starch gels and specific
staining (see Ross 1992; Shoemaker et al. 1992).
Source material for electrophoresis varied ac-
cording to the particular marker (see table 1).
Although many of the markers can be scored
from more than one life stage or caste, all com-
parisons in this study except those for Pgm-3
were confined to data derived from a single type
of source material for each marker.

Genotypic data for all markers except Pgm-4
were obtained from all of the polygyne nests; this
marker was not scored in three of the nests. From
7 to 37 individual genotypes were scored per
polygyne nest for any given locus. In most in-
stances, only subsets of the 52 monogyne colo-
nies were used to generate genotypic data; col-
onies composing these subsets were chosen largely
because they contained an abundance of a par-
ticular life stage or caste. From 6 to 55 individual
genotypes were scored per monogyne nest for all
loci except Est-4, G3pdh-1, and Pgm-3 in re-
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productives. In the latter cases, only one geno-
type was scored per nest, or individuals were not
collected in association with nests and each in-
dividual was assumed to originate from a sepa-
rate nest. Specific numbers of colonies and in-
dividuals used to generate genotypic data for each
protein locus are presented in table 1.

Eleven of the 13 polymorphic protein loci ex-
hibit codominant patterns of inheritance. Ten of
these codominant loci are diallelic in S. invicta
in the United States, whereas the eleventh, Est-
6, possesses four alleles, the two rarest of which
were pooled for the analyses in this study. The
remaining two loci (Ca-4, Pgm-4) show banding
patterns expected if one or more alleles are in-
terpreted as null alleles (Shoemaker et al. 1993).
Identities of allelic electromorphs were in all cases
confirmed by running several known standards
on each gel. Mendelian inheritance of the prod-
ucts of all 13 loci has been demonstrated by means
of family studies (Ross and Fletcher 1985a; Ross
1992; Shoemaker et al. 1992).

Analyses of Electrophoretic Data

Unbiased allele and genotype frequencies were
estimated in the study populations by instituting
a resampling procedure in which single geno-
types (or phenotypes in the case of null loci) were
drawn randomly from each nest 200 times (with
replacement). This resampling was undertaken
to avoid estimating frequencies from sets of non-
independent (nestmate) genotypes, a potential
problem in populations with strong family struc-
ture (e.g., Crozier et al. 1987). Population allele
and genotype frequencies for the codominant
markers were estimated as the arithmetic mean
frequencies in the 200 resampled genotype dis-
tributions. For the null loci, the frequencies of
the null alleles were estimated as the square root
of the mean frequencies of the null phenotypes.
This procedure assumes both that the null alleles
are recessive with respect to the banding phe-
notypes and that the genotypes are in Hardy-
Weinberg equilibrium, assumptions that were
confirmed in the monogyne population by re-
estimating allele frequencies from family pheno-
type distributions using the maximum-likeli-
hood procedure of Halliday (1979) (data from N
= 32 and N = 40 families for Ca-4 and Pgm-4,
respectively). The 95% confidence intervals about
the allele frequency estimates were constructed
for all loci by eliminating the 10 extreme high
and low values derived from the 200 resampled
distributions. Only single genotypes per colony



‘33[[e v 9y} 10J e sapuanbal |
"3[9[[® q 9y} 10§ ST Anus wo310q 9y} pue J[3[[e v Y} 10§ st uonendod yoes 10j Anud doy 9y I, "319Y PaIuasald JIB UOUIUIOD JSOUT OM] Y} JO SAIOUINDII) (SO[A[[E INOJ SBY SO0 SIYL 4

8 Y4)] (48! ovel §S6 §S6 616 1449 u
6C 9T [44 08 6T 6C 6T 6C N
(LOL 0-€8%°0)
2090
(6L8°0-L0L"0) (¥€9°0-282°0) (81€°0-281°0) (€E1H°0-1€€°0) (TL9°0-99+°0) (1€6°0-65L°0) (9LL°0-985°0) (82€°0-8€1°0) uonejndod
06L°0 991°0 1ST°0 9LE0 966°0 1680 8L9°0 €200 suA3A[od
0¢€9 Tl 801 0ge 91¢1 0sel (013 988 u
(0] (014 801 (01%% (43 9 (013 0¢ N
(005°0-€8€°0)
12240
(€8L°0-00L°0) (85L°0-2€9°0) (888°0-1tL°0) 9LL0-12L°0) (86L°0-12L°0) (206°0-8%8°0) (L9L0-L15°0) (L1¥°0-00€°0) uonendod
SYL0 00L°0 S18°0 8YL0 6SL°0 8L8°0 0590 LSE0 suk3ouoy
rUIOSESOW BAJR[ INIOM rUWIOSBSOW ruIosesawr ednd INIOAM rpUIOSRSOW ’UIOSBSOW ednd IONIOM [eLIdlew INOS
udanb @Tys D) lewr Npy uaanb I9)I0oM NPy uaanb —1r1reod
pasuim 1npy p-wsqd : sanonpoidoy @Ty's 09 PasuIm 1Npy *9-1S7
(=="—=04) [-wsd 1711049
-04 @Tys oA _upd
s-o4d \ewisy 1-YpdeD
‘Popudlxy [ 14V ]
v16 096 1440) S16 86 166 SP6 u
6¢ 6T 6T 6¢ 6C 6C 6C N
(I¥L0-L15°0) (1€6°0-9LL°0) (1.8°0-699°0) F16°0-9LL°0) (878°0-559°0) (L68°0-1tL"0) (996°0-798°0) uonendod
S€9°0 0S80 08L°0 6¥8°0 L0 9280 260 QuA3Ajod
(013 6911 L16 90L Y4} 006 801 u
(013 It [43 LE 0t [43 9t N
(L99°0~-L1+°0) (08L°0-1L9°0) (62L°0-C19°0) (616°0-8€8°0) (006°0—€8L°0) (906'0-€18°0) (S€6°0-0L8°0) uone[ndod
0SS0 9TL0 8990 €L8°0 0v8°0 6580 2060 QuAZouoy
ewIosesaw uaanb BAIR] IONIOA ednd 1o)I0 M\ 19)se8 uaanb ednd 1o)I0M ednd 1o)10M0 BAIR[ IONIOM [BLISJBW 90IN0S
Ppasum 1[npy F'1°8°'1 09 I’y 09) pasuim Jnpy €1y 0D €1y 0D (1’19709
11€ 0D 1-4pa ¥ @1 1°6€ 0D $-yooy [-Yooy -y
P15 14y

*$1SOU YJIM UOTIBIOOSSE UI PIJOI[[0D JOU I9M S[ENPIAIPUI USYM IO 159U Jod Patods sem ad4A10ua8 ouo AJuUO UayMm [BITIUIPI IB SIN[BA ISIY] PAIPNIS S[enpIAlpul JO
JoquINU Y} ¥ PUR SISIU JO JIIQUINU Y} ST A/ "SAIOUINDIIJ S[3[[€ Y} MO[9q SIsayjuaIed Ul UMOYS JIB SIJBWITISO Y} INOQE S[EAIIUT DUIPYUOD 04,66 YL "S'(] ‘BISI00D

wIYIou Wwoly viotaut sisdouajos jo suonendod suk3Ajod pue suk3ouowr ur 190] urajoxd orydiowAjod udILITY) 18 SI[I[[B UOUIWIOD JSOUI 3} JO SI10UINbary

REESCAAS



GENE FLOW IN FIRE ANTS

were scored for Est-4, G3pdh-1, and Pgm-3 in
reproductives from the monogyne population.
Thus, in these cases, 95% confidence intervals
about the allele frequency estimates were con-
structed by eliminating the 10 extreme high and
low values derived from 200 bootstrap samples
drawn from the original data sets (Weir 1990).

The fixation index Fg; was estimated for the
11 most common alleles at all the codominant
markers except Pgm-3 (which cannot be as-
sumed to be neutral, see below) as a measure of
genetic differentiation between the two study
populations. The method of Weir and Cocker-
ham (1984) was used to obtain a single unbiased
estimate of Fg; and its variance by jackknifing
over the 10 loci used.

Genotypes scored for each codominant mark-
er were tested for conformity to Hardy-Weinberg
equilibrium (HWE) for each population and for
the pooled data from both populations by com-
paring the genotype proportions in each resam-
pled distribution to proportions expected under
HWE (x? tests with Yates’s continuity correction,
a = 0.05; Weir 1990). The probabilities of sig-
nificant genotypic disequilibrium for each mark-
er were taken as the proportions of the 200 tests
in which there were significant departures of the
observed genotype ratios from those expected
under HWE. Only single tests for conformity of
the observed genotypes to HWE were conducted
for Est-4 and G3pdh- 1, and for Pgm-3 in queens,
in the monogyne population.

Data from Pgm-3

Data for the marker Pgm-3 from the different
life stages, castes, and sexes of both social forms
originated from the same colonies used for the
other markers, as well as from the following sup-
plemental material (Ross 1992): (1) 52 additional
polygyne colonies with their reproductive queens
and adult males, (2) 59 additional monogyne col-
onies with their mother queens, (3) 271 newly
mated monogyne queens not associated with col-
onies, and (4) 108 adult monogyne males col-
lected from as many colonies. The locus Pgm-3
is unique among the 13 protein loci studied in
that it has been shown to be under strong direc-
tional selection in the polygyne form but not the
monogyne form of S. invicta (Ross 1992). The
resulting strong allele frequency differences be-
tween the two study populations make this an
exceptionally useful marker for detecting and
measuring interform gene flow, as detailed be-
low.
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In addition to obtaining population data for
Pgm-3 from field-collected samples, laboratory
progeny studies were conducted for this marker
using queens of the polygyne form. These studies
were undertaken to reconstruct Pgm-3 mating
types in the polygyne population, with the goal
of clarifying the nature of interform gene flow
(see also Ross 1992). Sixty-nine naturally mated,
wingless queens collected from 25 polygyne nests
were established individually in small rearing
units with workers and brood in the laboratory.
Ten to 13 worker pupae were collected from each
unit 6 wk after they were set up, at which time
these pupae were known to be the offspring of
the isolated queens (e.g., Ross and Fletcher
1985a). The Pgm-3 genotypes of the brood and
their mothers were then determined, and by
comparing them, it was possible to infer the
Pgm-3 genotypes of the father of each family
[queens from this population typically mate with
only a single male (Ross and Fletcher 1985a)].
Thus, the Pgm-3 mating types giving rise to the
69 families derived from polygyne queens could
be reconstructed.

RESULTS

The monogyne and polygyne study popula-
tions share identical alleles at each of the 13 poly-
morphic protein loci. The frequencies of the most
common allele at each locus (the two most com-
mon at Est-6), as well as the 95% confidence
intervals for these values, are presented for both
populations in table 1. The confidence limits
overlap between the polygyne and monogyne

forms for all 12 presumably neutral markers (all

markers except Pgm-3), although the overlap is
small for Ddh-1 and Pgm-4. The absence of
meaningful genetic differentiation between the
forms at these neutral loci is further evident from
the estimated value of Fgr, which is indistin-
guishable from zero (0.007 £ 0.009; Fsr = SE).
Allele frequencies differ significantly between the
social forms at the locus under strong differential
selection, Pgm-3, with the difference especially
pronounced in reproductive queens, the class of
individuals on which selection associated with
this locus acts (Ross 1992).

If the two forms are united by gene flow, then
the pooled genotypes from the two study popu-
lations should conform to Hardy-Weinberg equi-
librium (HWE) at those protein loci for which
each of the social forms exhibits genotypic equi-
librium. Probabilities of significant deviation
from HWE at each protein locus are presented
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Pro-5
0.015
0.035

Reproductive
queens
NS*
(P> 0.10)

1.0
0.555

Pgm-3

Worker
pupae
0.005
0.230
0.025

Pgm-1
0
0.005

0.015
0.015

NS*

G3pdh-1
P > 0.25)

Est-6
0.050
0.010
0.020

NS*

Est-4

(P > 0.50)
0.020
0

Ddh-1
0.060
0.025
0.140

Acyl
0
0.005
0

Acoh-5
0.005
0.015

0

0.005
* NS, nonsignificant deviation from Hardy-Weinberg equilibrium for the single test conducted.

0.005

Acoh-1
0

Aat-2
0
0.010

population
Polygyne
population

Pooled

populations of Solenopsis invicta from northern Georgia, United States, and in the pooled data from both populations. Values represent the proportion of 200
data

resampled genotype distributions (one genotype sampled per nest) that deviated significantly from distributions expected under Hardy-Weinberg equilibrium (see
text). For Est-4, G3pdh-1, and Pgm-3 in reproductive queens, only one genotype per nest was scored in the monogyne population; thus, only one test for Hardy-

Weinberg equilibrium was conducted. Sample sizes are listed in table 1.

TaBLE 2. Probabilities of significant deviation from Hardy-Weinberg genotype proportions at 11 codominant polymorphic protein loci in monogyne and polygyne

Monogyne

for each of the populations, as well as for the
pooled data, in table 2. For the monogyne pop-
ulation, all of the markers show a close match
between observed and expected genotype pro-
portions, with the highest probability of signifi-
cant deviation (0.06) found for Ddh-1 (attrib-
utable to heterozygote deficiencies). For the
polygyne population, all of the markers except
Pgm-3 also show close concordance between the
observed genotype proportions and those ex-
pected under HWE. Finally, the pooled popu-
lation genotype ratios also match Hardy-Wein-
berg ratios closely, with the exception of Ddh-1
and Pgm-3 in reproductive queens. The devia-
tion from HWE for Ddh-1 in the pooled data
stems from a deficiency of heterozygotes (attrib-
utable to the combined effects of heterozygote
deficiencies in the monogyne form and a small
Wahlund effect), whereas the much larger devi-
ations for Pgm-3 in the polygyne and pooled data
are caused by excess heterozygosity. The results
of these tests for HWE in the pooled population
samples accord well with the data on allelic dif-
ferentiation between the social forms: the protein
markers that are assumed to be neutral typically
exhibit allele and genotype frequencies consis-
tent with substantial interform gene flow.

Estimates of the proportions of matched mat-
ings by queens (0) in the monogyne and polygyne
study populations, and of the effective numbers
of sex alleles (K) that would give rise to such
proportions, are shown in table 3. Estimates of
the numbers of alleles are statistically indistin-
guishable between the social forms, regardless of
whether one or two major loci are assumed to
determine sex. The similarities in these estimates
are best appreciated by reference to a native pop-
ulation of Solenopsis invicta in northeastern Ar-
gentina, in which values of K are estimated to
be 86 (single locus) or 14 (two loci) alleles (Ross
et al. 1993). The study populations in Georgia
are expected to share similar numbers of sex al-
leles if they are linked by gene flow.

The marked interform differentiation that ex-
ists at the selected protein locus, Pgm-3, can be
useful for confirming the occurrence of gene flow
between the two study populations as well as for
elucidating the magnitude and routes of such gene
flow. Ross (1992) and Keller and Ross (1993b)
demonstrated that negative selection acts on the
allele Pgm-32 in the polygyne form because
queens homozygous for this allele are system-
atically destroyed by workers as the queens ini-
tiate reproduction. The result of this genotype-
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TaABLE 3. Estimates of the proportions of matched matings by queens and the effective numbers of sex alleles
in monogyne and polygyne populations of Solenopsis invicta from northern Georgia, United States. The 95%
confidence intervals about the estimates are shown in parentheses. The proportion of matched matings is equal
to the proportion of diploid-male-producing queens in each population because queens of both social forms

effectively mate only once (e.g., Ross and Fletcher 1985a).

Proportion of
matched matings (0)

Number of sex alleles
(K, two loci)

Number of sex alleles
(K, single locus)

0.164 (0.136-0.193)
0.198 (0.134-0.267)

Monogyne population
Polygyne population

12.2 (10.4-14.7)
10.0 (7.49-14.9)

5.35 (4.99-5.87)
4.95 (4.30-5.91)

specific mortality is a far lower frequency of
Pgm-32 in reproductive queens of the polygyne
form than in such queens of the monogyne form.
Frequencies of Pgm-3<in males of the two forms
reflect the strong allele frequency differences
found for reproductive queens (table 1), as is ex-
pected because haploid males are derived from
the unfertilized eggs of their mothers.

High levels of heterozygosity are expected at
Pgm-3 in the female offspring of queens that mate
with males of the alternate social form. This is
because levels of heterozygosity above those pre-
dicted from the Hardy-Weinberg Law and av-
erage allele frequencies are generated when allele
frequencies differ between the sexes (Hedrick
1985), as they do at Pgm-3 for males and queens
of the different social forms. Furthermore, be-
cause Pgm-3 allele frequencies are known for
reproductives of both sexes in both forms, the
magnitude of excess heterozygosity at this locus
can be used to estimate the extent of interform
mating.

Excess heterozygosity is not found at Pgm-3
among the female offspring of monogyne queens
(table 2, monogyne worker pupae). Thus, there
is no indication that substantial interform mat-
ing occurs between monogyne queens and poly-
gyne males. In contrast, the large excess of Pgm-3
heterozygotes seen among worker pupae in the
polygyne population (table 2) suggests that some
fraction of polygyne queens mates with immi-
grant monogyne males. Assuming that sexuals
mate randomly with respect to Pgm-3 genotype
(that is, there is no assortative mating), the extent
of this interform mating can be estimated from
the formula

Hi=¢qg+ (1 - Z‘If)'(,VM'qm(M) + YP'qm(P))>

where H; is the heterozygosity of female off-
spring, g, is the frequency of allele Pgm-3¢ in
reproductive polygyne queens, gna is the fre-
quency of Pgm-32 in monogyne males, g, is
the frequency of Pgm-3¢ in polygyne males, y\,

is the proportion of matings of polygyne queens
attributed to monogyne males, and y; is the pro-
portion attributed to polygyne males (e.g., Hed-
rick 1985, eq. 2.8). The heterozygosity observed
among worker offspring in the polygyne study
population (H; = 0.630) is best accounted for
when yy = 1 (yielding Hyg,,, = 0.593), with any
decreased value of y,, leading to greater disparity
between the expected heterozygosity at Pgm-3
and that observed. Thus, this analysis suggests
that polygyne queens mate exclusively with
monogyne males. [An earlier estimate that 80%
of polygyne queens mate with monogyne males
(Ross 1992) was based on the use of an incorrect
version of the above formula (eq. 2.15 of Hedrick
1985).]

An independent means of quantifying this par-
ticular route of interform gene flow comes from
reconstruction of Pgm-3 genotypes of the mating
pairs that gave rise to polygyne families studied
in the laboratory. By comparing offspring ge-
notypes with those of each mother queen, 53 of
the 69 families derived from polygyne queens
(77%) were determined to have been sired by
males with the Pgm-32 genotype. The expected
proportion (r,) of fathers bearing Pgm-3¢ when
both polygyne and monogyne males mate with
polygyne queens, assuming random mating with
respect to Pgm-3 genotype, is given by the for-
mula

Ta = (yM'qm(M)) + (YP"Im(P))-

Solving for 7, = 0.77 yields yy = 0.91. Thus,
these progeny studies agree with the above het-
erozygosity analysis in suggesting that all or near-
ly all polygyne queens mate with monogyne
males.

DiscussioON

This study provides several lines of evidence
for extensive, ongoing gene flow between a single
pair of monogyne and polygyne populations of
Solenopsis invicta in its introduced range in the
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United States. We have found that allele fre-
quencies at 12 presumably neutral, robustly
polymorphic protein markers are statistically in-
distinguishable between the two social forms,
leading to an estimate of Fg;, a measure of dif-
ferentiation between the two types of popula-
tions, that is essentially zero. As expected, given
the similar allele frequencies, observed genotype
ratios at codominant protein markers generally
match the ratios expected under Hardy-Wein-
berg equilibrium when data from the two forms
are pooled, suggesting that interform gene flow
is of sufficient magnitude that this population
pair resembles a single panmictic unit genetical-
ly. Furthermore, the two study populations share
similar numbers of alleles at the sex-determining
locus (loci), as would be expected if there is on-
going gene flow between them. The results pre-
sented here are compatible with the conclusions
of an earlier study of five sets of geographically
paired monogyne and polygyne populations that
were located throughout the introduced range of
S. invicta (Ross et al. 1987). That study showed
that genetic distances between geographically
paired populations of the alternate social forms,
as estimated from 26 protein loci, were signifi-
cantly lower than genetic distances between pop-
ulations of a single social form paired without
regard to location. Together these studies suggest
that geographic proximity is the most important
determinant of genetic similarity between fire ant
populations in the United States, the pattern ex-
pected if gene flow occurs between close popu-
lations regardless of whether they exhibit iden-
tical social organizations.

Although data from the neutral protein mark-
ers are consistent with ongoing interform gene
flow, they do not demonstrate it. This is because
current gene flow cannot be distinguished from
retention of ancestral polymorphisms at similar
frequencies in descendant populations that have
become reproductively isolated only recently.
Polygyne populations of S. invicta may have aris-
en repeatedly from neighboring monogyne pop-
ulations during this ant’s invasion of the south-
eastern United States over the past 60 yr (e.g.,
Fletcher 1983; Ross et al. 1987). Thus, even if
reproductive isolation were conferred instantly
with a shift in social organization, there may not
have been sufficient time for allele frequencies
at the neutral protein markers to diverge signif-
icantly through drift if effective population sizes
are large (Golding 1992), as they seem to be in
introduced S. invicta (e.g., Vinson and Greenberg
1986; Porter et al. 1988). Likewise, similar num-

K. G. ROSS AND D. D. SHOEMAKER

bers of sex alleles in the two forms might be
expected even in the absence of interform gene
flow, as long as neither form experienced pop-
ulation bottlenecks during the period since gene
flow was abolished.

In contrast to this inherent ambiguity in data
from most of the markers, data from the selected
locus Pgm-3 provide compelling evidence that
the genetic similarity of the monogyne and po-
lygyne study populations is caused at least in
some measure by ongoing gene flow. Mainte-
nance of the allele Pgm-3< in the polygyne pop-
ulation despite strong directional selection against
it, as well as the consistent excess heterozygosity
found at this locus among the offspring of poly-
gyne queens, are best explained by a high influx
of Pgm-3* via males from the surrounding
monogyne population, where this allele is very
common. Independent evidence from recon-
struction of the Pgm-3 mating types that gave
rise to polygyne families strongly supports the
conclusion from the analysis of excess hetero-
zygosity that polygyne queens mate predomi-
nantly with males bearing allele Pgm-32, that is,
predominantly with monogyne males.

The suggestion that gene flow between the so-
cial forms is effected by immigration of mono-
gyne males into the polygyne population, fol-
lowed by their mating with polygyne queens, is
reasonable in light of our knowledge of the dis-
persal and reproductive biology of fire ants and
of the operational sex ratios that exist in the dif-
ferent population types. Males of S. invicta are
capable of long-distance dispersal (Markin et al.
1971); because the polygyne study population is
modest in size and is surrounded by the mono-
gyne form (Fletcher 1983), the potential thus ex-
ists for many monogyne males to reach polygyne
queens. Gene flow occurs only if these dispersing
males mate with resident queens, however, rais-
ing the question of how immigrant monogyne
males outcompete resident polygyne males for
such matings. The answer may lie in the fact that
the great majority of males produced in polygyne
populations is diploid and infertile (see Hung et
al. 1974; Ross and Fletcher 1985b; Ross et al.
1993). [Diploid males are absent from the mono-
gyne form because only nests with multiple
queens can bear the cost of their production (Ross
and Fletcher 1986).] The presence of numerous
sterile diploid males creates a strong female bias
in the operational sex ratio of the polygyne form,
which is estimated to be 1:6 (male: female) in
our study population (Vargo and Fletcher 1987;
E. L. Vargo, unpubl. data). In contrast, the nu-
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merical sex ratio in the adjacent monogyne pop-
ulation is slightly male biased at 1:0.72 (Vargo
and Fletcher 1987). The highly female-biased sex
ratio in the polygyne form suggests that there are
insufficient numbers of fertile haploid males
available to compete effectively with immigrant
monogyne males for matings with resident
queens.

Several lines of evidence indicate that dis-
persal of monogyne males into polygyne popu-
lations, followed by their successful mating, may
be the most important or even sole route of in-
terform gene flow in S. invicta. Polygyne males
are unlikely to effect substantial gene flow by
dispersing into monogyne populations and mat-
ing with monogyne queens because relatively few
fertile males are produced in polygyne popula-
tions [many fewer males are produced in poly-
gyne than in monogyne nests and most of these
are diploid (Vargo and Fletcher 1987; Ross and
Fletcher 1985b; Ross et al. 1993)]. This conclu-
sion is supported by the absence of detectable
excess heterozygosity at Pgm-3 in monogyne off-
spring females (see table 2 and Ross 1992), such
excess heterozygosity being expected if mono-
gyne queens (in which Pgm- 3¢ is common) mate
with polygyne males (in which Pgm-32is uncom-
mon) to any great extent.

Queens of either form are unlikely to mediate
interform gene flow because, though capable of
dispersing considerable distances, they are prob-
ably unable to establish themselves as reprod-
uctives in populations of the alternate social form.
Monogyne queens attempting to enter polygyne
nests or to establish nests independently in poly-
gyne populations invariably are executed by poly-
gyne workers. This conclusion follows from the
observation that reproductive queens homozy-
gous for Pgm-3* are completely absent from the
polygyne population, even though this is the most
common genotype among winged (dispersing)
monogyne queens (frequency = 0.476; Ross
1992). Mature winged monogyne queens exhibit
far greater fat reserves and a faster pace of re-
productive development than mature polygyne
queens (Porter et al. 1988; Keller and Ross
1993a), differences that likely parallel differences
in the quantities of queen pheromone produced
by the two types of queens as they initiate re-
production (Fletcher and Blum 1983; Willer and
Fletcher 1986). Polygyne workers, which are in-
tolerant of any queens exhibiting precocious re-
productive development (Keller and Ross 1993b),
probably use the elevated individual pheromone
production of immigrant monogyne queens as a
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proximate cue to recognize and systematically
execute all such queens (e.g., Fletcher and Blum
1983).

Newly mated polygyne queens that disperse
into the monogyne population probably also fail
in most instances to become established reprod-
uctives. Extensive fat reserves are essential for
successful independent founding of colonies in
ants (Keller and Passera 1989). Thus, the rela-
tively small amount of such reserves in winged
polygyne queens implies that they cannot suc-
cessfully found colonies independently (Porter et
al. 1988) and that they must instead enter estab-
lished nests to survive and reproduce. Evidence
suggests that newly mated polygyne queens are
indeed adopted into polygyne nests (Glancey and
Lofgren 1988; Porter 1991), whereas they are not
normally accepted into queenright monogyne
nests (e.g., Fletcher and Blum 1983). If nests in
the monogyne population were commonly de-
rived from polygyne foundresses, then excess
heterozygosity would be generated at Pgm-3
among progeny females in this population (given
the strong allele frequency differences between
polygyne queens and monogyne males, assuming
that dispersal of polygyne queens is random with
respect to Pgm-3 genotype, and assuming that
most of these dispersalists mate with monogyne
males). Again, no excess heterozygosity has been
detected at Pgm-3 in the monogyne population.

A recent report by Dunton et al. (1991) de-
scribes two enzyme electromorphs present in
queens of the polygyne form but not the mono-
gyne form of S. invicta in Texas, United States.
The electromorphs unique to the polygyne form
have not been demonstrated to be allelic to elec-
tromorphs present in the monogyne form; thus,
insofar as their genetic bases are not understood,
their distributions cannot address the question
of interform gene flow. A host of biological dif-
ferences distinguish the two forms—morpholog-
ical, behavioral, and physiological (Fletcher et
al. 1980; Greenberg et al. 1985; Vargo and
Fletcher 1987, 1989; Vargo and Ross 1989; Kel-
ler and Ross 1993a)—most of which appear to
be secondary consequences of the most funda-
mental difference, colony queen number. No ev-
idence exists to suggest that any of these trait
differences have a genetic basis; rather, they seem
to be determined by differences in the social and
pheromonal environments in nests of the two
forms.

Our study indicates that, contrary to previous
hypotheses (e.g., Ross and Fletcher 1985a), the
two social forms of S. invicta in the United States
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are linked by extensive gene flow. Thus, the so-
cial forms do not represent an intermediate stage
of divergence in the sense of having well-devel-
oped reproductive isolation, and their relevance
as a model for speciation driven by social evo-
lution might therefore be questioned. On the oth-
er hand, the shift to an alternative social orga-
nization clearly has had an effect on the mode
of gene flow, constraining it to be unidirectional
and mediated through one sex only. These con-
straints arise as a direct consequence of the dif-
fering social environments that characterize the
two forms. The presence of multiple reproduc-
tive queens in polygyne nests leads to the pro-
duction both of new queens that are physiolog-
ically ill-equipped to survive in monogyne
populations and of workers that are intolerant of
queens with the monogyne physiological phe-
notype. The apparent result is an inability of
females of either form to mediate interform gene
flow. The presence of multiple queens in poly-
gyne nests dictates the pattern of male-mediated
gene flow as well. The production of many in-
fertile (diploid) males in the polygyne but not the
monogyne form skews the polygyne sex ratio to
an extent that many receptive polygyne queens
are available for mating with immigrant mon-
ogyne males, whereas few fertile (haploid) po-
lygyne males are available to emigrate. Thus,
gene flow via males occurs only from the mon-
ogyne to the polygyne form in the case of our
study populations. Future work will focus on na-
tive population pairs in South America, where
male diploidy is relatively rare (Ross et al. 1993).
A more balanced operational sex ratio in native
polygyne fire ants may mean that this form is
less ““dependent” on the monogyne form to pro-
vide fertile males, perhaps restricting the mag-
nitude of interform gene flow occurring by this
route.
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